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Abstract Electrospinning is a widely used technique for nanofiber preparation at large scale that is mainly divided
into two categories, namely, multi-needle and needleless categories. However, both categories have some drawbacks.
For example, the capillary channels of the former can easily get jammed, while the solvent in the polymer solution
storage box of the latter is liable to volatilize. A new type of solid-core needle electrospinning method was proposed
and investigated to overcome the shortcomings of the current electrospinning technology. In this method, the solid-core
needles with no capillary channels were used as the emitting electrodes and placed on the axis of the solution guiding
rods made of insulating materials. The solution guiding rods were in close connection with the taper holes at the bottom
of the solution storage box and could be moved up and down to control the solution flow. Moreover, the reciprocating
up-and-down movement of the solution guiding rods can clean up the liquid feeding channels, thereby preventing the

solution from coagulating and blocking the channels. Thus, the problems existing in the current electrospinning
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technologies, such as the needle capillary blockage in the needle electrospinning method and the rapid solvent
volatilization in the solution box in the needleless electrospinning method, can be efficiently avoided. Electric field in-
tensity simulations of the newly established electrospinning models were also performed to find the optimum structure
parameters by increasing the field intensity and reducing the end effect with the help of the finite element analysis
software, COMSOL. Lastly, electrospinning experiments were conducted on the newly invented electrospinning device
based on the solid-core needle and non-circular gear traverse mechanism. The results indicate that this new
electrospinning method could solve the complications of polymer clogging and solvent volatilization and obtain a uni-
form electrospinning effect.

Keywords  Electrospinning; Solid-core needle; COMSOL; Electric field simulation

Electrospinning is an effective technique to produce nanofiber using an electric field force to stretch the
spinning jets from a polymer solution' . Large-scale electrospinning techniques are currently being practiced

2741 and needleless electrospinning techniques> '’ .

and categorized as multi-needles ( with capillary needles) !
However, both categories have some of the following limitations: (1) in multi-needle electrospinning devices,
the capillary channels are likely to get jammed ; the superposed repulsive forces cause stronger field intensity at
the edge needles and comparatively weaker field intensity at the middle needles(i.e., end effect) ' ; (2) in
needleless electrospinning, controlling the size and distribution of fiber diameters is hard, and the solvent
easily volatilizes because of the open environment that leads to the change of concentration and affects the spin-
ning quality.

Accordingly, solid-core needles are developed to work as emitting electrodes to overcome the
abovementioned problems. These solid-core needles are placed along the axis of the solution guiding rods made
up of insulating materials. The solution guiding rods are in close connection with the taper holes at the bottom
of the solution storage box and can be moved up and down to control the solution flow. When needed, the
movement of the solution guiding rods can poke holes to ultimately and effectively solve the blockage and sol-
vent volatilization problems. In this paper, the geometric parameters of the emitting electrode using solid-core
needles were determined to increase the field intensity and reduce the end effect. The end effect was based on
the electric field simulation conducted by employing the finite element analysis software, COMSOL. Finally,
the electrospinning experiments were performed using the electrospinning device based on the solid-core needle
and non-circular gear traverse mechanism'*’. The results from the electrospinning experiments specify the
function, validity, and reliability of the new device. The findings also introduce a new concept of large-scale

secure electrospinning at low energy consumption, high efficiency, and stabilization.

1 Preliminary Design of an Electrospinning Emitting Electrode Using
Solid-core Needles

An electrospinning emitting electrode using solid-core needles was proposed to solve the clogging problem
of the conventional multi-needle technique. This new device was specially designed to protect the polymer
solution. The electrospinning emitting electrode using solid-core needles was composed of solid-core needles,
metal wire, solution guiding rods, supporting plate, and storage box( Fig.1). The solid-core needles were ad-
justed to keep the needle eyes at the top to connect the wire. The solution guiding rod was made of an insula-
ting material with a conical bottom, a cylindrical middle section, and a center with a hole. The solid-core nee-
dle was in the hole of the solution guiding rod. N holes were placed in a row with equal spaces between the
supporting plates( N is a positive integer, and N = 1). The solution guiding rods were tightly adjusted in the
holes. Accordingly, N taper holes were placed in a row with a conical sinking head at the bottom of the storage
box. The solution guiding rods were tightly linked with the taper holes at the bottom of the storage box and were

driven by the lifting system that can be moved up and down to control the liquid quantity ( Fig.2). All the
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needles were connected to each other by the metal wire that passed through the needle eyes of all the solid-core

needles.
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Fig.1 Electrospinning emitting electrode using Fig.2 Schematic diagram of the electrospinning

solid-core needles device using solid-core needles
(A) Main view; (B) local enlarged view.
Fig.2 shows that the solution guiding rods, which are driven by motor can move up and down when
required. This solid-core needle electrospinning device can support mass production by supplying the solution

via the metering pump.

2  Electric Field Simulation and Determination of Optimum Geometric

Parameters

Herein, some measures were taken to understand and tackle the issue of end effect in the conventional
multi-needle electrospinning technique. These procedures involved enveloping the solid-core needles in the
insulating materials, shortening the length of the solid-core needles, and increasing the diameter of the solution
guiding rods, etc. The theoretical simulations of these proposed schemes were performed, and the preliminary
structure was optimized.

2.1 Electric Field Simulation
COMSOL multiphysics software was employed to simulate and evaluate the electric field of five needles in

a linear array. Table 1 shows the basic parameters of the electrospinning process model. A 30 kV voltage was

supplied to the needle of the emitter, and the receiving plate was grounded.
Table 1 Basic model parameters

Diameter of Distance between two Receiving Length of Size of receiving
Voltage/kV
needles/mm needles/mm distance/mm needles/mm plate/mm?
30 1 28 150 24 150%60x2

Only the result of the emitter was presented to distinctly observe the distribution around the needle tips,
considering that the distance between the needle and the receiving plate was large.
2.1.1 Simulation 1. Conventional Five Needles

Fig.3 illustrates the field intensity distribution of five conventional needles. The maximum electric
field intensity is 1.97x 107 V/m, while the focus is on the tips of the needles closer to the receiving plate.
Accordingly, the electric field intensity of the needle tip boundary was assessed via COMSOL. The average
value was calculated and drawn in Fig.4, where the five needles are labeled as 1#, 2#, 3#, 4# and 5#. Fig.4

shows that the electric field intensity at the middle needle is weaker than that at the needles on the edges in the
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multi-needle electrospinning technique.
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Fig.3 Field intensity map of five conventional Fig.4 Average electric field intensity of five
needles in a linear array conventional needles in a linear array

2.1.2  Simulation 2 Five Solid-core Needles in Insulating Materials

The first section depicted that the solid-core needles were inserted into the center holes of the insulating
solution guiding rods. In this section, a three-dimensional (3D) model was established and simulated with
COMSOL. The solution guiding rods were 24 mm in length and 10 mm in diameter, while the insulating
material was made up of polytetrafluoroethylene. Fig.5 shows that the maximum electric field intensity is 2.13%
10’ V/m, which is 8% more than that of the five conventional needles. The average electric field intensity of

the needle tips was calculated and drawn in Fig.6.

100
B ook
B 9.0
=
S 80r \\/.
5
=
- 7.0F
v a .8
43 2.13x107 & o6or
| N
0.1 02 03 04 05 06 07 08 T 2 3 4 s
10-7 Electric field intensity/(V-m™") Number of needle
Fig.5 Field intensity map of the solid-core needles Fig.6 Average electric field intensity of the solid-core
wrapped with an insulating material needles wrapped with an insulating material

A comparison of Fig.6 and Fig.4 shows that the mutual interference of the electric field among the five
needles is reduced, thereby indicating an improved end effect phenomenon'*’ .
2.2 Determination of the Optimum Geometric Parameters

Some measures can be taken to further enhance the electric field intensity and reduce the end effect of the
solid-core needles. These approaches include shortening the length of solid-core needles, increasing the
diameter of the solution guiding rods, and designing the tip of the solid-core needle to a cone shape.
2.2.1 Shortening the Length of the Solid-core Needles

The basic role of the solid-core needle in an electrospinning emitting electrode is to apply voltage to
generate an electric field, which can possibly reduce its length. The induced charge concentration is in-
creased, and the electric field intensity is ultimately enhanced, by reducing the length of the solid-core needle.
The lengths of the solid-core needles were 24, 12, 6 and 3 mm, respectively. Accordingly, the 3D model and
the simulated electric field were established via COMSOL. Fig.7 shows the field intensity maps, while Fig.8
illustrates the peak values of the electric field intensity being 2.13x 107, 2.57x 10", 3.31x10" and 3.96x
10" V/m, respectively.

The average electric field intensity of the five needle tips in the four design lengths were calculated and

drawn in Fig.9. Fig.9 shows that the peak value of the electric field intensity increases, and the electric field
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Fig.7 Field intensity maps after changing the length of the solid-core needles
Length of needles/mm: (A) 12; (B) 6; (C) 3.
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Fig.8 Peak value of the electric field intensity after Fig.9 Average electric field intensity after changing

changing the length of the solid-core needles the length of the solid-core needles

becomes more uniform, with the reduction of the length of the solid-core needle. However, according to the
processing feasibility, a very short solid-core needle is not easy to manufacture. Hence, the 3 mm-long
solid-core needle was chosen as the shortest. The maximum electric field intensity is 3.96x10" V/m, and it
increases by 101% more than the conventional one.
2.2.2  Increasing the Diameter of the Solution Guiding Rods

The diameters of the solution guiding rods were set from 10 mm to 11 and 12 mm. Then, the 3D models

were established, and the electric field was simulated with COMSOL. Fig.10 shows the field intensity maps.
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Fig.10 Field intensity maps after increasing the diameter

Diameter of solution guiding rods/mm: (A) 11; (B) 12.
The peak values of the electric field intensity are 3.96X
10", 4.42x10" and 3.89% 10" V/m. Therefore, the
optimum diameter of the solution guiding rod is pointed

out as 11 mm. The maximum electric field intensity is

4.42%x 10" V/m, 124% more than that for the five T 237 S AJER 107
conventional needles. 6

2.2.3  Designing the Tip of the Solid-core Needle to a 107" Electric field intensity/(V-m~)

Cone Shape Fig.11 Field intensity map of the solid-core needles

Based on the principle of tip discharge under the with conical tips
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same conditions of the conductor’ s charge and the surrounding environment, the electric field intensity can be
enhanced by sharpening the tip of the solid-core needle. Unlike the conventional capillary needle, the tip of
the solid-core needle was molded into a cone shape. Subsequently, a 3D model was established, and the
electric field was simulated using COMSOL. Fig. 11 shows the field intensity map. The peak value of the
electric field intensity is 4.78x10” V/m, 143% more than that of the five conventional needles.

3 Experimental and Results

3.1 Device

The experiment was performed with an electrospinning device using solid-core needles( Fig.12).

The eletrospinning device was self-made and had fifteen solid-score needles. The receiving plate was made
of steel with the size of 150 mmx60 mmx2 mm. The type of the DC high-voltage power supply was DW-P/
N603 ( Tianjin Dongwen High Voltage Power Supply, Ltd., China). The power of the metal halide lamp was
70 W and purchased from Xincheng Lighting, Ltd., China. The motor agitator using for preparing polymer so-
lution was DF-101S( Gongyi Yuhua Instrument Co., Ltd., China). The type of the thermostat water bath was

HH-4 of the Kexi Instrument, Ltd., China. And the camera which was used to take pictures for spinning

process was Sony DSC-TX9.

Fig.12 Electrospinning device with solid-core needles Fig.13 SEM image of nanofibers

3.2 Spinning Solution

Accordingly, a 15% polyvinylidene fluoride(PVDF) solution was prepared. The PVDF was placed in a
vacuum drying oven and dried for 12 h at 80 °C. An appropriate amount of PVDF was then weighed and
poured into a mixture of solvent dimethylformamide/acetone ( volume ratio; 7:3). A magnetic rotor was placed
in the solution. Subsequently, the solution was transferred to a thermostatic bath and stirred at 50 °C until the
solution was clear and transparent.
3.3 Parameters

A DC power of 20 kV was supplied by the positive voltage to the solid-core needles, while a negative
voltage of 5 kV was applied to the receiving electrode. The receiving distance was 150 mm. The feeding rate of
each needle was approximately 10 mL/h, and the spinning time was 15 min.
3.4 Results

The nanofiber film of PVDF with an average diameter of 115 nm and a CV value of 12% was obtained via

the electrospinning experiment. Fig.13 shows its scanning electron microscopy(SEM) image.

4 Conclusions

Compared to the conventional capillary multi-needle device, the designed electrospinning device with
solid-core needles has the following advantages. The shorter length and the conical tip of the solid-core needles
increased the charging density and produced the enhanced electric field, thereby resulting in the less energy

wastage. The solid-core needles were wrapped with insulating solution guiding rods that reduced the
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electrostatic repulsion among the needles. A uniform electric field intensity was also achieved. The solution
guiding rods were in close connection with the taper holes at the bottom of the liquid storage box and can be
moved up and down to control the liquid supply. The movement of the solution guiding rods can poke holes

when needed, thereby effectively solving the clogging and volatilization problems.

This paper is supported by the National Natural Science Foundation of China(No.51373121).
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